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Wayne C. Hanson ABSTRACT Ecological consequences of depleted uranium (DU) released to the environment as a result of military use of DU munitions were appraised by reviewing pertinent literature. Estimates were based upon ecosystem responses to natural uranium, which is more soluble and more toxic than DU. It was concluded that the major ecological hazard from expended uranium munitions will be chemical toxicity rather than radiation. The alloy nature of the munitions will substantially decrease the mobility of DU and mitigate the problem. However, the ecological aspects of the chemical toxicity of DU in terrestrial ecosystems is expected to be a major consideration of expended munitions.
--------..
This report summarizes the pertinent literature on natural and depleted uranium (DU) in the environment and synthesizes the information into an evaluation of ecological consequences of military applications of DU munitions.
Only a few environmental studies of uranium have been pursued in depth; these will form the basis for most of the projections concerning DU in the environment, about which very little is known. Extrapolating the available information to the DU situation is difficult because the munitions will be fabricated of DU alloyed with various other metals: 0.75?Z0 titanium in the Air Force type; 2% molybdenum for the Navy type; and "Quad/' composed of 0.50% titanium, 0.75% molybdenum, 0.75% zirconium, and 0.75% niobium, for the Army system. These alloys should be less subject to corrosion and less available to biotic constituents of ecosystems; therefore, conclusions regarding biological concentrations that result from natural uranium or DU in the environment will have built-in safety factors that will ameliorate the extrapolation to DU munitions. Discussions on uranium metallurgy, chemistry, and biology are directly applicable to either or both depleted uranium and natural uranium. Insignificant differences in tie properties of natural uranium and depleted uranium, of the same purity, depend only on their differences in atomic weight. 1 The studies reviewed have not been concerned with DU released to the environment in munitions because the opportunities for such studies have been limited. Definitive investigations of DU in natural environments are needed, and suggestions for such studies are included here.
H. SOURCE TERM CONSIDERATIONS
Most uranium ores contain 0.1 to 1% or 2% uranium expressed as U30S, and average about 0.25%. Of this, 23SUabout l~o uranium" 2%J constitutes about %%%0 and Milling the ore removes about 90%oof the total uranium Z2GRa,whifi is a major radioactive and about 2% of the contaminant released in the tailings and other wastes.2 The refined uranium is then treated by an enrichment process at the gaseous diffusion complex of the US Atomic Energy Commission. The treatment increases the concentration of 'SU in a product stream of UF6 gas.
The depleted uranium waste from the process contains about 0.2 wt% 'SU (Ref. 1) and the remainder is com-'SU The primary processing removes most of posed of . the 'SU decay chain products that are of principal concern, and the extremely long physical half-life of 'SU (4.5 x 109 yr) precludes appreciable buildup of 2%a in DU during the time frame being considered.
Most of the uranium mill waste environmental studies have emphasized 'Ra because of its hazard to human health, and information about 'U has been secondary. Most of the available information refers to freshwater ecosystems, but may be extrapolated to ocean environments by considering the differences between freshwater and ocean characteristics.
Several investigations were made at naturally radioactive areas of terrestrial environments, where thorium and/or uranium minerals in local soils and rocks provided opportunities to study the tranalocation of heavy radionuclides from soil to man through food chains. Other investigations showed radiation effects of natural radioact ivit y upon native biota, including man. Most of these studies involved aged geological deposits of radioactive elements, in contrast to our consideration of a contemporary, more insoluble form of radionuclide.
The 30-mm-diam GAU-8/A projectile contains about 300 g of DU, or a radioactive inventory of 100 @i of predominantly 4.2 MeV (75%) and 4.15 MeV (25%) alpha particles. These have very low penetrability (<6 v .in uranium, -33 #m in water, and 2.6 cm in air), which is contained by the nylon or other coating during storage. Fired projectiles supposedly lose the nylon cover, subjecting the DU to environmental weathering. This allows the DU to behave within the biogeochemical cycles with the Same characteristics as natural uranium, although the alloy will retard corrosion and availability to biotic systems.
I II. DEPLETED URANIUM MUNITIONS IN TER-RESTRIAL ECOSYSTEMS

A. Wiklfiies During Military Exercises
The pyrophoric properties of DU make it extremely effective in combat use where the ecological consequences of wildfire are hardly a consideration. A similar philosophy probably exists for training purposes, although fire control is a greater concern near populated areas or where arid conditions produce flammable environments.
Fire is a most important limiting factor in ecosystems of forest and grassland regions of temperate zones and in tropical areas with dry seasons. Fire is a major hazard, and has been for centuries, of the normal climate in most of the terrestrial environments of the world. This has produced biotic, fire-adapted communities uniquely suited to a region, such as the long-leaf pine forests on the coastal plain of the southeastern United States. 3 Management of controlled environments by prescribed burning has been intensively investigated in this southeastern area.4 Control of vegetative cover by fire is only one consideration in the total ecosystem response. Animal populations respond in various ways to such procedures, .
as shown in studies of wild turkey management .s In southeastern US pine forests, controlled fire is an indispmable tool to maintain and manage turkey populations; however, it must be used wisely to ensure that associated animal populations are not jeopardized and that all populations achieve a balance. Differing responses of various species to habitat fires are found in all ecosystems, such as soil insects and their vegetative cover in desert steppe vegetation,b caribou and their crucial lichen winter ranges in arctic areas,' and muskrats and waterfowl in various marsh habitats.s'9 Less obvious effects of fire include the induction of mortality factors in aquatic situations, mostly due to chemical changes in the water produced by burned vegetation.10
The above examples recognize the ecological consequences of fires caused by the pyrophoric properties of DU munitions.
The degree of importance these consequences attain will depend upon the situation (wartime or training), the biogeographic region(s), climate, season of the year, and several other factors. Each situation must be judged independently.
B. Characteristics and Consequences of Natural Uranium in Terrestrial Ecosystems
Plants growing on uranium-vanadium deposits of the Colorado Plateau were reported to respond to the chemical environment in three ways. 11 First, controlled experi-12 showed that plant ments with uranium nitrate metabolism was affected by unusual amounts of uranium ore minerals available to the roots, producing anomalous growth habits. Growth was stimulated by additions of 2-ppm uranium; poisoning symptoms were noted at 47.6 ppm; acute toxicity symptoms appeared at 476 ppm; and complete toxicity to germination of seeds occurred at 1% (= 10000 ppm). Other studies13-ls show that 50-ppm uranium in nutrient solutions causes root injury in higher plants.
The second response is uranium absorption, where the highest concentrations are usually found in seeds and roots, rather than leaves. Absorption is probably influenced by the clay content, organic matter content, soil acidity, and the combination of available elements. Important differences in uranium absorption have been recorded for plant species, season of the year, anatomical part of the plant, availabilityy of the elements in the soil, and chemical composition of the bedrock. The uranium content of any species growing in nonmineralized soil is rarely greater than 1 ppm, compared to 2 to 100 ppm in plants rooted in uranium-bearing rock. Most of the uranium in the roots can penetrate the epidermis and then be precipitated within the root near the point of intake, which explains the localization of uranium in plant roots.
The third response of plants in high uranium areas is the development of a particular flora, or indicator species, in areas where the uranium ore body was located as much as 15 m underground. This must be viewed as a long-term response of plant communities to an environmental gradient, the most important aspect being the chemical properties of uranium. An important consideration in all plant responses is the influence of uranium upon soil microorganisms, where there was a stimulant effect at low concentrations and a toxic effect at 100 ppm.lG Generally, the detrimental effects of uranium upon soil bacteria is expected to be less than the effects upon plant cells. These principles are borne out by the results given here.
Concentration factors (CF) for plants growing in uraniferous soils vary considerably. Cannonll reported that a wide spectrum of plants growing in mineralized soils of the Colorado Plateau contained 0.09 to 0.9 times the uranium content of shale and 0.007 to 0.01 times the uranium content of sandstone. Plants rooted in nonmineralized sandstone contained 1.25 to 1.5 times the uranium content of their substrate, even though the soils contained 20 to 100 times less uranium than the mineralized types. Values of concentration factors between these two ranges were reported in Russia,17 where samples of soils, plants, and domestic sheep from a very broad range of environments yielded the following uranium concentration factors. Assuming that the daily intake of a sheep is about 2-kg dry matter,18 the estimated daily intake of natural uranium from the control area would be 0.06% of the amount required to produce a slight malaise in sheep, and from the uranium-rich area, the intake would be 0.1-0.3% of the effective level. 19 From the human radiological health standpoint, it is estimated that sheep and cows must ingest daily l-g and 7-g natural uranium, respectively, for mutton or beef to achieve maximum permissible concentrations. Similarly, to give the permissible concentration in milk, the daily intake of a cow would have to be approximately 4-g natural uranium.20 Although sheep inhabiting the Russian uranium-rich areas accumulated 5 to 8 times as much uranium as the animals in the control area, no sorhatic changes were noted; nor would detrimental effects upon humans be anticipated from the above estimates.
Control
Experimental evidence21 shows that exposure levels from natural uranium-thorium terrestrial radiation can be genetically and ecologically important to highly radiosensitive plant populations, such as Trandescantia.
Demonstrable differences were reported in degree of morphological variability, the incidence of gross abnormalities, and the rate of floral abortion in potted plants exposed to 0.25 mR/h compared to similar plants exposed to 0.10 mR/h external radiation from uraniumthorium deposits. The Russian work17 reported a 10 to 20% morphological variability such as double flowering, leaf splitting, and corolla color variation in five plant species growing in an area where soils contained increased uranium.
The low radiation potential of DU munitions is expected to have less effect upon natural plant communities than on those described above. The chemical toxicity of DU, however, may be the major concern for munitions released to the environment. This category of investigation has not yet been undertaken, although, unique opportunity to study the ecological impact of DU in terrestrial ecosystems exists at the Los Alamos Scientific Laboratory.
High explosive weapons tests have released about 75000-to 100 OOO-kguranium during the last 30 yr, providing opportunities to study acute and long-term impacts upon the environment.
IV. DEPLETED URANIUM MUNITIONS IN AQUATIC ECOSYSTEMS A. Natural Uranium in Freshwater Environments
The natural uranium content of fresh water depends upon several factors, such as the geological formations in which waters arise and flow through and the size and diversity of their watersheds. An average value for river water in the United States may be 5 x 1U' g U/!2 for rivers in environments of igneous rocks and clays, and higher values may be expected in waters leaching carbonate rocks.zz Maximum uranium values are often near 2 x 1@ g/Q, which indicates a wide variance of values with a log-normal distribution. The importance of this range of values can be characterized by the report of Mallory et al. = They estimated that, within the United States during 1960-1961 "water year;' the total uraniumsolute load of the Nezinscot River (Maine) was about 100 Ibs, compared to 625000 lbs carried by the Mississippi River. The calculated total uranium-solute load of the rivers sampled was used to calculate that an estimated 2 million lbs of uranium were carried in solution from the continental United States to the oceans during this "water year." In southcentral Russia, the inland Aral Sea was estimated to receive 387 tons/yr in dissolved form and 258 tons/yr as suspended material from t wo rivers.m The high uranium concentrations in midwest US rivers, relative to other rivers of the world, may be explained by solubilization of the uranium in phosphate fertilizers applied to the land surface .2s The concentration of dissolved uranium in several Indian rivers ranged from 0.01 to 7.0~g/Q, depending upon the terrain through which the river flowed, M The total annual transport of uranium by rivers to oceans and seas was estimated to be about 20000 tons in dissolved form and an equal amount as suspended material.27
B. Natuml Uranium in Marine Environments
After release into the oceans and seas, the residence time of uranium in the waters of these final runoff basins varies from tens of years to hundreds of thousands of years, depending upon the depth.
Uranium is soluble as long as the water has a high redox potential, where it exists in the hexavalent state as uranyl complex. In a reducing environment, uranium is reduced to tetravalent uranium, in which form it has a high affinity for organic material. Organic muds, black shales, and decaying organic material concentrate uranium to 350 ppm. Conversely, uranium can be held easily in solution as complex uranium tetracarbonate in high carbonate content waters, such as well-ventilated bodies of water. These oxidizing conditons, such as found in upper layers of open oceans, often contain the low uranium concentrations representing the soluble, long-lived portion of the uranium budget. Increases of uranium occur most spectacularly in the reducing environments of the oceans.22 Uranium is present in sea water at concentrations of a few parts in 109 (Ref. 28) . It is mostly incorporated with the sediments and highly correlated with the organic matter content of such sediments. Lowest uranium values of 0.0001 to 0.0005% were reported in sand and silty ooze along coastal areas of the inland Aral Sea andat the junction of fresh and salt waters.x Values increased to 0.001% in sediments of the central areas of the basin. Uranium content of water around river mouths was mostly 30 to 35 gg/Q, compared to 50 to 60 pg/Q in the central area. In the larger Black and Mediterranean Seas, average uranium concentrations of 2.0 IJg/Q were reported in sea water,29 and it was generalized that such trace metals as molybdenum, cobalt, nickel, vanadium, and carbon might be distributed in the same way as uranium in organic matter. In the Black Sea, a correlation with organic mat ter was more obvious for uranium and molybdenum, whereas in the Mediterranean Sea, all the metals were quite similar. Because correlation between organic matter and metals other than uranium in the surface layer of silts is absent, the observed correlation of trace metals with organic matter was explained by redistribution or recombination processes.w The enrichment of uranium in sediments of the Baltic and Black Seas by a factor of eight over the amounts in sea water was attributed to direct and indirect action of appreciable amounts of hydrogen sulfide in those waters. 31 By comparison, sediments from the central Caspian Sea, which was low in H2 S, contained 0.1 to 1.0 as much uranium as the Baltic and Black Sea sediments.
The concentration of uranium in the sediments compartment of the aquatic ecosystems is indicative of a low uranium uptake by biological systems. In humid regions of eastern Siberia, plants growing in moist soils had a range of CF'S 1@ to IU1 , with maxima in mosses .32 This ranking suggests that plants growing in wet environments, having extensive surface areas, provide more accumulation sites for uranium, than an active uptake of the element. Aquatic food webs of Lake Issyk-Kul in southeastern Russia, which had a relatively high uranium concentration in water (3 x 1@%), showed a regular decrease along the route algae-> benthic and planktonic animals--> fish. Least amounts of uranium were concentrated by predatory fish, whereas most amounts were concentrated by plant-feeding species.n'17
C. Toxicity of Uranium in Aquatic Environments
The relative toxicity of uranium compounds is reported as follows.Ũ 02 , U308 , UFQ : Relatively non-toxic, even in large doses Uos , UC% :Toxic in large doses U02 (NOq )2, UOQ, Na2 Uz 07: Toxic in moderate doses U02F2 : Toxic, even in relatively small doses, probably due to F toxicity.
. Thus, when uranyl nitrate U02 (N03)2 was added to a freshwater reservoir at a uranium concentration of 1.0 mg/Q, the growth of microflora was inhibited and the self-purification process was hindered. At a concentration of 100 mg/Q, a bactericidal effect was noted. The same level of '%% radioactivity in water did not affect the growth and development of microorganisms, bacteria, or algae; therefore, it was concluded that the toxicity of the uranium resulted from its chemical action. 3s Similarly, Gross and Koczy36 concluded from experiments that uranium at concentrations greater than 1@ g U/Q severely affected diatom survival through ionic toxicity.
D. Anticipated Consequences of DU in Aquatic Ecosystems DU released to the environment in expended munitions will consist of the relatively nontoxic uranium compounds, which will be less soluble in water than natural uranium because of their alloy properties. The slow corrosion behavior of DU, the extremely low CF'S for biota expected on the basis of data obtained from the more soluble natural uranium, and the appreciable natural uranium load of the major water areas of the world indicate that most, if not all, of the anticipated additions of DU munitions will have little or no impact upon major water bodies.
DU deposits in small water bodies probably will involve conditions of slow dissolution of the DU but will promote its mobility and widely distribute it by natural means. A greater proportion of the uranium will be in the soluble form under such conditions, and it may be transIocated physically by run-off or be biologically concentrated in small amounts.
DU munitions released to freshwater environments in an intact condition, such as spillage during an accident, probably will remain in a relatively inert condition beta use of the nylon covering on the projectiles. A sixnilar release to marine environments will free the DU in a much shorter time because of the corrosive nature of seawater; however, the release of DU, under the expected conditions, will not be noticed in the normal uranium background of seawater.
V. SUMMARY AND CONCLUSIONS DU in various ecosystems will behave as natural uranium, but with lower volubility and without the serious consequences of z~fi that normally accompanies unrefined uranium. These characteristics provide conservative measures for comparing DU with most of the reported studies of occurrence, behavior, and effects of natural uranium in ecosystems. The principal concern will be its chemical toxicity rather than its radioactive properties.
DU released to aquatic environments is expected to have a minor impact because of low volubility and because of the appreciable amount of natural uranium normally transported by rivers from the continental landscape. This has been estimated to be 1000 tons per year from the United States and 40000 tons from all world land areas. Marsh environments may contain aquatic plants that concentrate uranium in water by factors of 1@ to 1U1; however, such concentrations are expected to occur in ecosystem components that represent a minor part of the entire consideration. Uranium is decreasingly concentrated along the aquatic food webs, with least amounts in those food chains terminating in predatory fish, such as salmon or trout. These are the major human food sources of interest, and are minimally affected from released DU.
Consequences of DU released to terrestrial ecosystems are of major importance. Considerable physical darnage probably will result from wildfire caused by pyrophoric properties of DU; however, this impact is not markedly different from other consequences of military operations. Increased fires will undoubtedly occur as a result of DU munitions; this will be a most important factor in ecosystems of forest and grassland regions of temperate zones and in tropical areas with dry seasons, where fire is normally a limiting factor.
The chemical toxicity of DU in terrestrial ecosystems is expected to be a major consideration of expended munitions scattered over landscapes. These situations might occur as a result of storage area explosions, transportation accidents, training exercises, or military operations. Based upon plant communities that colonize natural uranium ore bodies and upon cent rolled experiments, toxicity to uranium may occur at soil concentrations near 50 ppm (=50 Kg U/g soil) near the roots, and acute toxicity symptoms may be expected in higher plants at about ten times that concentration. These should be considered as realistic guidelines until comprehensive measurements can be made of ecological consequences of DU exposed to environmental weathering for long periods of time.
VI. SUGGESTED ADDITIONAL STUDIES
Several areas of information need further definition to describe adequately the ecological consequences of DU munitions expended in military operations. Long-term observations are needed to evaluate accurately the environmental impact of DU because of the gradual modified response of ecosystems to toxins that follow acute effects. Such long-term studies are required because of varying degrees of response by several ecosystem components, and because all components do not respond to the same parameter at the same time. Several explosive testing areas within the Los Alamos Scientific Laboratory have used uranium and depleted uranium for several years (personal communication R. W. Drake to G. L. Voelz, 1971) . It was estimated that 75000-to 100000.kg uranium were used for tests made during . About 35000-to 45 000-kg naturrd uranium were used during 1949-1954, and 40000-to 55 000-kg DU were used during [1955] [1956] [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] . LASL offers several areas for unique studies that have direct applications to long-term considerations of DU in natural environmental situations. It is recommended that these studies be pursued as follows.
1. Descriptive ecological studies of plant communities subjected to long-term deposition of natural and/or depleted uranium. Changes in plant communities and observation of toxicological symptoms would be a major objective.
2. Studies of natural and/or depleted uranium corrosion rates in the environments, with the objective of describing and measuring movement within the ecosystems.
3. Investigations of the impact of natural and/or depleted uranium upon soil invertebrate populations.
4. Evaluation of natural and/or depleted uranium toxicity to soil microorganisms and the consequences to changes in plant communities.
5. S t udies of natural and/or depleted uranium dynamics in various soil types, with the major objective of describing various corrosion rates, movement phenomena, and other relationships.
This order of studies proceeds from the general to the specific, and allows for initiating all or parts of the studies needed to describe in depth the environmental impact of DU munitions.
